A metallic nanowire with quantized conductance was fabricated by electrochemically etching a narrow portion of a metallic wire supported on a solid substrate down to the atomic scale. The width of the nanowire was controlled flexibly by etching atoms away or depositing atoms back onto the wire with the electrochemical potential. Using a feedback loop this method can, at will, fabricate a single or an array of long-term stable nanowires with a pre-selected quantized conductance. These stable nanowires may be used in devices as digitized conductors and as sensors that detect chemicals in the air or in solutions. Using the conductance quantization as a feedback, this method may be used to fabricate nanoelectrodes by etching off the last few atoms in the thinnest portion of each nanowire. These nanoelectrodes may be connected to single molecules in molecular devices.
The growing activity in the interdisciplinary area of nanometre-scale science and technology can be traced to the ever-increasing quest for the miniaturization of electronic devices, driven by the need for faster and more powerful electronics. In addition to the importance of developing new generation electronics, materials on the nanoscale often exhibit interesting quantum phenomena. An important example is the electrical conductance of a metallic wire with a diameter of a few atoms [1, 2] . Because the size of the wire is comparable to the Fermi wavelength of the conducting electrons in metal, the electrons transport ballistically along the wire and form well-defined quantum modes in the transverse direction. Each mode contributes equally to the conductance, thus, the conductance becomes quantized and is given by N G 0 , where G 0 = 2e 2 /h is the conductance quantum and N is the number of the modes [2] . It has been proposed that such nanowires may be used as conductors [3, 4] and as single-atom digital switches [5] in nanoelectronic circuits. We have recently observed that the conductance quantization is sensitive to the adsorption of a molecule onto the nanowire which may lead to applications in chemical sensors [6] . For practical applications, however, a suitable method that can mass-produce stable nanowires must be found which is the subject of this paper.
To date, the most widely used method for creating a nanowire that exhibits the conductance quantization phenomenon is based on mechanically breaking a fine metal wire [7] [8] [9] or separating two metal electrodes in contact [10] [11] [12] . The breaking and separating are usually controlled by a break junction or a scanning tunnelling microscope (STM) that involves a stepping motor, or a piezoelectric transducer. A nanowire fabricated by the mechanical method cannot be † Author to whom correspondence should be addressed. E-mail address: taon@fiu.edu removed from the apparatus and is, therefore, unsuitable for many applications. Two non-mechanical methods have been recently demonstrated. One is to anodize an Al wire locally with an atomic force microscope (AFM) [13] . The use of the AFM makes it impracticable for mass-producing the nanowires. Furthermore, the method is not reversible which makes the control of the fabrication process difficult. Another non-mechanical method is to deposit a metal onto the STM tip held a few nanometres from a metal surface [14] . Although the method is reversible, the use of STM in the set-up once again makes it difficult for mass production. The lifetime of the nanowire is typically less than a few seconds because the gap between the STM tip and the metal surface drifts due to thermal expansion, acoustic noise and mechanical vibrations, which is also undesirable for practical applications. This paper describes a simple electrochemical etching/deposition method that can fabricate a single or an array of stable nanowires. The method can be automated such that a nanowire with a preset quantized conductance can be produced at will. The nanowires supported on a solid substrate may be removed from the fabrication set-up and used as a stand-alone device or for further investigation using various experimental probes.
We have demonstrated the method using two different set-ups. In the first set-up, we started with a thin (5-25 µm) Cu wire attached to a glass substrate (figure 1). The wire was coated with an insulation layer (wax or 5-minutes-epoxy) except a region smaller than 1 µm near the centre. The central region was then exposed to 1 mM CuSO 4 + 100 mM H 2 SO 4 for electrochemical etching which was controlled by adjusting the electrochemical potential of the wire. For controlling the potentials, we used a homemade bipotentiostat with a Cu quasi-reference electrode and a Pt counter electrode [14] . The use of bipotentiostat allowed us to control the electrochemical potential of the nanowire with respect to the reference electrode for etching or deposition while maintaining a fixed bias between two ends of the wire for conductance measurement. During etching the conductance of the wire was continuously monitored by measuring the current through the wire while maintaining a fixed bias voltage (26 mV) across the wire. The conductance was calculated from the measured current in the wires which was recorded with a digital oscilloscope. In the second setup, an array of 4-8 Cu or Au wires of width 5-50 µm was fabricated on a glass substrate with an optical lithography technique. Using this set-up, an array of the nanowires can be fabricated by etching each wire independently.
The etching rate can be flexibly controlled with the electrochemical potential of the wire. In the beginning of the etching process, a relative large overpotential (∼0.2 V) was typically used in order to quickly etch down the wire to the nanometre scale which was reflected by a decrease in the conductance to a few hundredths of siemens. We then slowed the etching rate to trim the width of the nanowire down to the atomic scale. By carefully controlling the potential, the etching rate could be reduced enough so that the conductance stayed on a quantized plateau for many minutes which gave us enough time to control the process. Figure 2 is a conductance transient as a wire is being etched at an overpotential of 0.05 V. It shows that the conductance of the nanowire stays at the quantized steps, N = 9, 8 and 7 for many minutes. The noise in the conductance is found to obey 1/f , where f is the frequency, from zero to a few kHz. The upper limit is determined by the bandwidth of the electronics. At least part of the noise comes from thermal drift and impurity in the etching solution. Further studies are clearly needed for a complete understanding of the noise.
Once the conductance dropped down to the order 10 G 0 , we activated an automatic switch in order to fabricate a nanowire with a preset quantized conductance. When the conductance reached the preset value, the switch turned the etching off by cutting off the electrochemical etching current that flows between the nanowire and the counter electrode. Because the nanowire has a width of only a few atoms, a small amount of leakage in the etching current can cause unwanted further etching and break the nanowire. In order to reduce the leakage current, an electronic relay and a mechanical relay are used in series. The electronic relay has a fast response time but the mechanical relay has less leakage current. Figure 3 shows the conductance plots of three nanowires fabricated using the described procedure. The conductance of each nanowire was preset at 1 G 0 , 2 G 0 and 3 G 0 , respectively.
We note that not all the wires can be held at a given conductance step after cutting off the etching current. In fact, the conductance can continue to decrease or even drop to zero, corresponding to a complete breakdown of the nanowire. This often happens to a fresh wire. When a nanowire is completely broken, we reconnect the wire by depositing atoms back on to the wire. This is controlled by reducing the electrochemical potential of the wire. We then repeat the same procedure to reach the preset value. We have found that after several etching-deposition-etching cycles, the conductance becomes easier to control. This is similar to a finding in the mechanically formed nanowires where well-defined and reproducible conductance steps are often obtained after pulling a wire back and forth a number of times [12] . This repeated pulling has been referred to as mechanical annealing and is believed to improve the crystallinity of the nanowire. The same explanation may also apply to the etched/deposited nanowires in the present system. Considering that a fresh polycrystalline wire consists of tiny crystalline grains, the etching can abruptly strip off an entire grain, thus breaking the nanowire. After 'annealing', the nanowire may become more crystalline and the etching can, therefore, proceed more uniformly. Using the procedure, we can routinely fabricate nanowires with lifetimes from several minutes up to hours. Because the nanowires are supported on a solid substrate that is well isolated from environmental vibrations, the eventual breakdown is unlikely to be due to mechanical vibrations. One possible reason for the finite lifetime is the trace amount of impurity molecules in the solution that can bind strongly to and break the last few atoms in the nanowires. It has been found that the strong binding of an adsorbate molecule to a surface atom tends to weaken the metallic binding of the atom to the neighbouring atoms. Our recent paper has shown that adsorbates can indeed change the atomic configurations of the nanowires [6] . Further evidence we have found is that higher purity solutions tend to produce longer lifetime nanowires.
Although by manually adjusting the electrochemical potential described above, we have been able to fabricate a metallic nanowire with a desired quantized value of conductance, the procedure is time consuming. In order to fabricate the nanowires more efficiently, we have included a feedback circuit into the bipotentiostat that can fabricate the nanowires in a fully automatic way. The feedback loop works by comparing the measured conductance with a preset value and adjusting the etching or deposition potentials accordingly. When the conductance is smaller than the preset value, which means that the wire is over-etched, the potential is lowered to deposit atoms back. When the conductance is greater, etching is re-activated. The feedback loop allows us to hold the conductance at a preset value for many hours. Figure 4 shows an example of the experiment. The actual lifetime was considerably longer than shown in the figure because the entire process was not completely recorded due to limited memory of the digital oscilloscope (Yokogawa, Model D1520). Using a multiplexer, this method may be used to automatically fabricate a large array of stable nanowires.
We have attempted to hold the conductance at a fractional value, e.g., 1.5 G 0 . Although it can sometimes stay at fractional values for several minutes, it usually drifts away to a nearby integer within seconds. This means that the atomic configurations of the nanowires corresponding to fractional values of the conductance quantum are not completely forbidden but they are less stable.
In summary, we have demonstrated a simple automated method for fabricating nanowires supported on a solid substrate with electrochemical etching and deposition. By controlling the electrochemical potential, a nanowire, or an array of nanowires, with a desired quantized value of conductance can be obtained. In contrast to the STM or the controllable mechanical break junction based methods, this method has several unique features. First, since no mechanical movements are involved, the nanowires are largely immune to environmental vibrations and can thus be long-term stable. Second, the nanowires are supported on a solid substrate which can be used as a stand-alone unit without attached piezoelements. This feature allows the nanowires to be integrated into conventional electronic circuits, and transferred from lab to lab for further studies with different techniques. Third, an array of such nanowires can be produced by etching an array of thin metallic wires supported on a substrate. Finally, we note that by etching off the last few atoms in the thinnest portion of each nanowire, a pair of nanoelectrodes facing each other with an atomic-scale gap can be formed. On bridging the gap with an appropriate molecule, a stable molecular junction may be fabricated, in a fashion similar to the break junction method [15] . Nanowires with these features are essential for both practical applications and for further studies of the fundamental properties of the nanowires.
